T he dissemination of virus infection throughout a host is the consequence of multiple processes that include replication of viral nucleic acids, protein synthesis and targeting, and cell-cell spread of infectious entities (1, 2) . Plant viruses encode movement proteins (MPs) that are essential for intercellular transport of viral genomes through plasmodesmata, the cytoplasmic bridges that connect adjacent cells (3) (4) (5) (6) . The nature of the infectious entity that moves from cell to cell is different for different viruses. In some cases, virions are involved, whereas in other examples; such as infection by tobacco mosaic virus (TMV), formation of virus particles is not required for cell-cell spread of infection.
It was previously demonstrated that TMV infection is characterized by the accumulation early in infection of membraneassociated complexes that contain 30-kDa MPs, viral replicase, and genomic RNAs; these complexes represent the viral replication complexes (VRCs) (7) that produce virus (7) (8) (9) . Based on studies in isolated protoplasts, it was postulated that VRCs move along microtubules to cell wall adhesion sites, and that these sites are related in some manner to plasmodesmata in intact tissues (2, 9) . The nature of the infectious entity that moves to and through plasmodesmata is not known, although it was postulated that spread occurs as ribonucleoproteins complexes comprising the MP and TMV-RNA (10) .
Movement of plant virus infection from inoculated cells to adjacent cells was described in 1934 by Uppal (11) . In studies of isolated epidermal tissue (12, 13) , these authors showed that infection spreads from epidermal to mesophyll cells within 4-10 days, depending on temperature and other experimental conditions. In other studies (14) , the rates of cell-cell movement of infection were estimated by measuring the increasing radii of visible lesions on infection sites. This study estimated that infection spread at the rate of six cells per day (in the case of TMV U1 strain in tobacco); that is, one cell every 4 h. Early studies of turnip yellow mosaic virus in Chinese cabbage leaves estimated that infection spread at the rate of one cell every 3 h (15). Derrick et al. (16) used microinjection to introduce tobacco rattle tobravirus to trichome cells of Nicotiana clevelandii and reported that 4 h are required for cell-cell spread of infection in this tissue.
Here, we report the result of studies of intra-and intercellular spread of VRCs, as visualized by confocal laser scanning microscopy and time-lapse recordings. These studies show that VRCs move to adjacent cells through plasmodesmata as large bodies and propose that these complexes contain the components that are necessary to initiate rapid spread of infection. Furthermore, cellcell spread is blocked by inhibitors of functions of actin and myosin and indicate the role of these proteins in infection. Plants with expanded fifth leaves (5-6 weeks after seeding) were used for all studies. Plants were maintained in a growth chamber at 24°C with 14͞10 h or 16͞8 h (for immunocytochemistry) light͞dark photoperiods.
Materials and Methods
containing the eCFP to obtain pTMV-MP-eCFP. These plasmids carry a cDNA copy of TMV-infectious RNA just downstream of the T7 promoter.
Microscopy and Photomicroscopy. Fluorescence microscopy was conducted using the Nikon Eclipse E800 fluorescence microscope and the Zeiss LSM 510 confocal͞multiphoton microscope with a tunable Ti-sapphire laser (Mira 900, Coherent). The microscope was fitted with additional components that allow simultaneous quantitative imaging of multiple fluorescence, including GFP and eCFP.
To record real-time images, infected leaf tissues were observed with the Nikon Eclipse E800 fluorescence microscope equipped with an epifluorescence time-lapse apparatus, external z axis controller, and relevant Nikon filter cube sets. The Nikon B-2A filter cube contains a 490-to 530-nm excitation filter, a DM505 dichroic mirror, and a BA520 barrier filter, respectively, for detection of MP:GFP. The CFP filter cube contains a 436-to 456-nm excitation filter, a DM455 dichroic mirror, and a BA480 barrier filter, respectively. Sequential images were obtained every 5 s for 5 min at various times. Time-lapse movies (Movies 1-4, which are published as supporting information on the PNAS web site) of single cells were created by these images of MP:GFP and were analyzed by NIH IMAGE software (version 1.61).
To follow the intercellular movement of virus movement complexes (VMCs) in detail, epidermal cells were scanned with the Zeiss LSM at 20-s intervals between 16 and 22 h post infection (hpi). Photodamage afforded by optical sectioning was minimized by using low power, which allowed fluorescence images to be collected without compromising resolution.
Infiltration of Inhibitors.
Transcripts of TMV-MP:GFP were infected on the upper epidermal side of several leaves of N. tabacum cv. Samsun, transgenic lines 277 and 266-A. Fluorescent rings of MP:GFP on the leaves at 3 days after postinoculation developed, as described by Heinlein and coworkers (21, 23) . Leaves were infiltrated into the reverse side (undersides) of the leaves with a given concentration of chemical agents, 50 M amiprophos-methyl (Sigma), 10 M latrunculin B, 1 mM 2,3-butanedione 2-monoxime (BDM; Sigma) and 1 mM adenosine 5Ј-(␤, ␥-imido) triphosphate (AMP-PNP; Sigma), respectively. Intracellular and intercellular movements of VRCs were observed within 2 h or at 6 h and 3 days after infiltration. After treatment, leaf pieces containing fluorescent infection sites were excised for observation by fluorescence microscopy. As controls for this experiment, tissues were infiltrated with water before observation.
Results
Virus Movement in Intact Tissues. Based on previous studies that reported that TMV MP is produced in protoplasts within 5-8 hpi (24, 25) , we predicted that cell-cell spread in infected leaf tissues would occur soon thereafter. When we monitored spread of infection from primary infected cells to surrounding cells by using fluorescent antibodies in fixed tissues, we observed that at 17 hpi, 90% of the infection sites included single cells; at 20 hpi, 51% of the sites included two or more cells; and by 24 hpi, 64% of sites were multicellular (data not shown). These results are consistent with the data of Nishiguchi et al. (26) , showing that the first movement of virus infection to adjacent cells occurs at a rather late stage of virus replication. As predicted from previous studies (17, 27) , the spread of infection was enhanced (by 2-4 h, see below) in transgenic plants that constitutively overexpress TMV MP. This result suggests that MP acts to ''predispose'' the host to virus infection or to cell-cell spread.
To monitor spread of infection in real time, tobacco leaves were inoculated with RNA transcripts of viral constructs that produce MP:GFP fusion protein (23, 28) ; the leaves were subsequently scanned through fluorescence microscopy to identify isolated infected cells. Fluorescence of MP:GFP was initially detected at 12 hpi, largely as general fluorescence in the cytosol that was not associated with specific structures (Fig. 1A ). This finding is in contrast to previous studies (25) in BY-2 protoplasts in which MP:GFP was localized to structures on endoplasmic reticulum (ER) within 6 h of infection. Between 12 and 16 hpi, the amount of MP:GFP increased and was localized to small bodies and large membrane-bound structures; such structures were previously shown to contain viral proteins and viral RNAs that are required for virus replication and are referred to as VRCs ( Fig. 1 B and C) . At 18 hpi, some of the VRCs were located adjacent to cell walls (Fig.  1D) ; at this time, a small amount of MP:GFP was associated with microtubules (2, 29, 30) . By 18-20 hpi, VRC-like structures were observed in adjacent epidermal cells (Fig. 1E ) and in underlying mesophyll cells (data not shown). Rather surprisingly, in the secondary cells, MP:GFP remained as large VRCs; the small fluorescent bodies (''spots''), which are characteristic of early stages of infection in the primary cells were not observed. After an additional 2-4 h, the VRCs in the secondary cells moved to adjacent cells (tertiary cells), and the process was repeated.
Transgenic Expression of MPs and CPs Affect Spread of VRCs.
To observe the effects of ectopic expression of TMV CPs and MPs on cell-cell movement of VRCs, we determined the percentage of fluorescent centers that contain two or more cells at different times after infection in transgenic and nontransgenic plants. As inocula, we used TMV and tomato mosaic virus (ToMV) that produce MP:GFP fusion proteins during infection. As described above, cell-cell movement of MP:GFP occurred by 18 hpi in leaves of the systemic hosts N. tabacum cv. Samsun nn and the highly susceptible host N. benthamiana and resistant plant Xanthi NN ( Table 1) . As anticipated, the cell-cell spread of TMV and ToMV were essentially identical in these plants. In N. benthamiana, the rate of cell-cell spread of TMV infection was somewhat more rapid than in N. tabacum, which is in agreement with other reports that this host is more susceptible to infection than is N. tabacum (23) . In transgenic N. tabacum plants that contain MP [plant line 277 (6, 17)], we recorded increased rates of cell-cell spread of infection by TMV and ToMV, whereas plants that contain TMV CPs [plant line 3646 (19) ] reduced the spread of infection (VRCs that move to adjacent cells are referred to as VMCs; Table 1 ). These data support the hypothesis that preexpression of MPs predisposes the tissue to cell-cell spread, whereas CP reduces cell-cell spread of infection (31). Real-Time Imaging of Replication Complexes. We applied time-lapse fluorescence microscopy to these studies and noted that, at 12 hpi, MP:GFP was detected as small fluorescent spots that were motionless. By 14 hpi, the spots were increased in size to form VRCs, and initiated rapid intracellular movement over the curvature of the cell adjacent to the plasma membrane (Fig. 2) . The average rate of movement of the VRCs was estimated, by using NIH IMAGE trace-object function (32) , to be Ϸ160 nm͞sec at 14 hpi (Fig. 2C) . Fig. 2 A presents the tracings of four separate VRCs in single cells, and indicates that each complex moves independent of the other. At 16 hpi, the VRCs move along the cell wall at an average of Ϸ40 nm͞sec ( Fig. 2 A, 16 hpi), after which most complexes were located at or adjacent to plasmodesmata. By 18 hpi, the movement of all complexes halted, irrespective of their size or cellular location ( The fraction of infection centers in which MP:GFP has spread from primary infected cells to adjacent cells. Plants: Sx, N tabacum Samsun; N.b., N benthamiana; NN, N tabacum Xanthi NN; 277, transgenic N tabacum Xanthi nn producing the TMV movement protein; 3646, transgenic N. tabacum Xanthi nn producing TMV-CP. *Total number of infection centers where MP:GFP moved͞total number of infection centers observed ϫ 100. Percents are in parentheses. † Infection by ToMV MP:GFP; ToMV that is closely related to TMV. These data indicated that results of ToMV MP:GFP are similar to that of TMV. 2 A, 18 hpi). Previous studies (30, 33) showed that in midstages of infection, the ER is fragmented, an effect that can account for the cessation of movement of VRCs.
VRCs were immobile for 2-4 h before they spread to adjacent cells (as VMCs). After VMCs entered adjacent secondary cells, they became highly mobile and continued rapid motion for Ϸ2 h, after which they slowed and came to a halt adjacent to cell walls͞plasmodesmata. Within an additional 2-4 h, the fluorescent VMCs moved to adjacent (tertiary) cells, and the process was repeated in cells that were subsequently infected. These results indicate that infection moves from infected cells to adjacent cells as large complexes that rapidly initiate infection in secondarily infected cells. We propose that VMCs contain all essential components (i.e., viral RNA, replicase, and MPs) that are necessary to initiate virus replication in newly infected cells.
In infected protoplasts, intracellular movement of VRCs produced by infection by TMV MP:GFP was rarely observed between 8 and 48 hpi. Small fluorescent bodies exhibited slight movements in protoplasts throughout the infection cycle, whereas large irregular bodies and filamentous structures that were attached to VRCs did not move, irrespective of the stage of infection (data not shown).
Effect of Cell-Cell Spread of VMCs Through Plasmodesmata.
To observe movement of VMCs through plasmodesmata, we constructed infectious clones of TMV that express MP fused with eCFP (MP:eCFP; blue fluorescence) and inoculated transcripts to transgenic tobacco plants, which produce MP:GFP [plant line 266-A (18)]. In this host, MP:GFP accumulates in plasmodesmata (constitutive expression of MP enhances the rate of cell-cell spread of infection; Table 1 ). At 14 hpi (Fig. 3) , MP:eCFP was observed in the cytoplasm and was not colocalized with MP:GFP. Thereafter, VRCs containing MP:eCFP increased in size, and by 16 hpi, they were colocalized with transgenic MP:GFP within plasmodesmata, but had yet not passed through the plasmodesmata. In some cases, MP:eCFP colocalized with MP:GFP, and in other cases, it appeared to displace the MP:GFP. Thereafter, eCFP-VMC passed through the plasmodesmata (Fig. 3A, 18 hpi) .
MP:eCFP remained in some but not in all plasmodesmata through which GFP-VMCs had passed, and most plasmodesmata lacked MP:GFP after VMCs moved through them. Similar results were observed when infection was conducted with a virus construct that produced the MP:DsRed fusion protein (TMV-MP:DsRed; data not shown).
Actin and Myosin Control the Movement of VRCs.
To gain insight into mechanisms that control the intracellular and intercellular movement of VRCs, leaves that were infected with TMV-MP:GFP [we selected a time at which a fluorescent infection ring is observed (21, 23)] were infiltrated with chemical agents that are known to inhibit the cytoskeleton or motor proteins. Treated tissues were observed within 15 min and 2 h, and were monitored for an additional 4 days (data are summarized in Table 2 ). Results were obtained by using N. tabacum cv. Samsun and transgenic lines 277 and 266-A at 3 days after infiltration. Fluorescent rings of infection in leaves treated with BDM and AMP-PNP were developed somewhat more slowly than that of control plants. *Movement of VRCs was observed within 2 h after treatment.
† Cell-to-cell movement of VMCs recorded at 3 hpi. ϩ, the intercellular mobility. -, the contrary. ‡ Average and SD of diameter (values, in millimeters, are shown in parentheses) of fluorescence rings caused by MP:GFP at 3 days after treatment, and total number of fluorescence rings was measured. Step 1: from 0 to 6 hpi, TMV infection yields viral replicase (RdRp), MP, and CP, as well as viral RNA sequences.
Step 2: from 6 to 14 hpi, viral RNA is produced as are viral proteins. At this time, MP is phosphorylated, and MP is localized on perinuclear and cytoplasmic ER to form VRCs. Steps 3 and 4: from 14 to 16 hpi, VRCs increase in size on cytoplasmic ER and in association with protein cytoskeleton, in particular with actin and myosin filaments. VRCs exhibit rapid intracellular movement in cytosol of infected cells.
Step 5: from 16 to 18 hpi, movement of VRCs is stopped and some of the VRCs lodge, adjacent to plasmodesmata (PD).
Step 6: from 18 to 20 hpi, plasmodesmata are modified and opened by action of the MP or VRCs, perhaps involving ␤-1,3 glucanase of the host (50, 51).
Step 7: VMCs are spread from primary infected cells to adjacent cells, and replication is initiated in secondarily infected cells.
Amiprophos-methyl, a phosphoric amide herbicide, inhibits the polymerization of isolated plant tubulin in vitro (34) and the formation of microtubules in tobacco suspension cells (35, 36) . After injection of amiprophos-methyl (50 M solution) into the leaf tissue, we did not detect changes in the morphology or localization of VRC, and the fluorescent ring of virus infection continued to spread.
Latrunculin B, a potent inhibitor of actin polymerization, is known to block F-actin-dependent cell elongation, but does not affect plant-specific developmental programs (37) . When infected leaves were exposed to 10 M latrunculin B, the morphology of the VRCs was significantly changed, their mobility was halted, and no cell-to-cell spread of VMCs was observed.
The use of BDM is widely utilized to inhibit the ATPase of the myosin superfamily (38, 39) . When BDM (1 mM) was injected into leaves, the shape of the VRCs changed, and was reduced to small fluorescent dots, movement was halted (within 5 min of application), and VRCs did not localize adjacent to plasmodesmata.
AMP-PNP blocks hydrolysis of ATP (40) but does not prevent cytoplasmic motor proteins from binding to microtubules. When AMP-PNP was infiltrated into leaves at 14 hpi, formation of VRCs was blocked, and all cytoplasmic movement ceased.
Taken together, these results indicated that actin filaments influence the intracellular structure and movement of VRCs. Furthermore, the cell-cell movement of VMCs is facilitated by function of an actin-myosin-mediated transport system.
Discussion
In this study, the dynamic intracellular movement of VRCs and intercellular spread of TMV infection (through VMCs) were examined in infected leaves by monitoring the movement and cell-cell spread of complexes tagged with MP:GFP. We used fluorescence and confocal microscopy to study the motions of MP:GFP in intact leaf tissues, and followed infection of the primary, secondary, and tertiary cells, including the process of targeting to plasmodesmata. Previous studies (21, 25) , conducted in infected protoplasts, demonstrated that the large fluorescent bodies of TMV MP:GFP contain viral RNA sequences, CPs, and MPs. Thus, the bodies were referred to as ''virus infection bodies;'' these bodies are considered to be equivalent to VRCs. In the present study, we demonstrated that virus infection spreads from primary to secondary infected cells by 20 hpi as complete VRCs. Fig. 4 presents a summary of the results and the process of cell-cell spread. At very early stages of infection of the primary cells (before 12 hpi), MP:GFP was not localized to a specific organelle. After 14 hpi, MP:GFP was localized to replication bodies (VRCs) on the ER (25, 41) ; during this period some or all of the MP is phosphorylated (Fig. 4 , steps 2 and 3 and refs. [41] [42] [43] . Although the role of phosphorylation in localizing MP is not yet known, Kawakami et al. (41, 43) demonstrated that mutants of MP that are not phosphorylated are not localized to large bodies that are considered equivalent to VRCs.
Rapid and irregular movement of VRCs results in spread of the complexes throughout the cell (Fig. 4, step 4) . The VRCs continue to increase in size, and by 16-18 hpi, movement slows and eventually comes to a halt at or near the cell wall and adjacent to plasmodesmata (Fig. 4, step 5) . Within 2 h after the VRCs are lodged adjacent to the plasmodesmata, they are transmitted to adjacent cells by means of plasmodesmata; in structures referred to as VMCs (Fig. 4, step 7) . The composition and structural differences between VRCs and the VMCs, if any, are not yet known.
Transit of VMCs to adjacent cells occasionally removes some components from the plasmodesmata, and leaves MP trapped in the plasmodesmata. This result may indicate that MP that accumulates in plasmodesmata is associated with the ER or other membranes that are displaced during cell-cell spread of infection. Based on differences in the time required for infection to spread from the primary inoculated cells to secondary (adjacent) cells (i.e., 18-20 hpi), and the time required for spread from secondary to tertiary cells (2-4 h), we propose that VMCs contain the components necessary for virus replication. We suggest that if infection is spread by means of ribonucleoprotein particles that contain MP and TMV-RNA, as proposed earlier (10) , formation of VRCs in secondary cells would require considerably longer time to be established and cell spread to tertiary cells would require Ͼ4 h.
The cellular and biochemical mechanisms that are activated through the process of construction of the VRCs and movement of (Table 1) .
VMCs to and through the plasmodesmata are yet to be characterized, although studies with known inhibitors provide insights. The structure of VRCs is disrupted by AMP-PNP, a known inhibitor of protein phosphorylation. Because phosphorylation of MP is required for its association with VRCs (41, 43), we suggest that phosphorylation of MP and͞or other proteins, including myosin (44) , is essential to the development of VRCs and their association with cellular proteins. Phosphorylation may also determine MP structure and association with ER. Second, BDM, which blocks actomyosin-mediated activity, also blocked the formation of VRCs and transmission of VMCs to adjacent cells (Table 2) . Ding et al. (45) previously reported that disruption of actin based filaments reduced spread of MP from cell-to-cell movement of another plant virus.
The protein MPB2C, isolated from N. tabacum, was colocalized with TMV MP on microtubules (46) . The authors indicated that MPB2C mediates accumulation of MP at microtubules and interferes with MP cell-to-cell movement. In contrast, intercellular transport of a functionally enhanced MP mutant, which does not accumulate and colocalizes with MP at microtubules (47), is not impaired by MPB2C. These data support the hypothesis that microtubules are not directly involved in virus cell-to-cell movement but may act as a negative effector of MP cell-to-cell transport activity. Based on the results of these studies and those described here (Table 2) , we concur with the conclusions that association of MP:GFP with microtubules is not likely to play a primary role in spread of infection from cell to cell, in contrast to earlier hypotheses (2, 29) . The role of association of MP with microtubules in TMV infection is unknown; it was previously suggested that such association might reflect a role in targeted degradation of MP (30) rather than in cell-cell spread of infection per se. Fig. 5 summarizes the data and indicates that, under the conditions of these experiments, cell-cell spread of infection occurs at late stages of infection (after 18 hpi), after which infection moves to adjacent cells at Ϸ4-h intervals. Temporal differences between the initial and subsequent cell-cell spread supports the hypothesis that infection in the initial cell is a process that requires multiple steps (Fig. 4) , and substantial amounts of time to establish the VRCs. In contrast, infection in secondary cells is established by VRCs that contain all necessary components to initiate subsequent rounds of virus replication, and cell-cell spread. Thus, infection in and spread from secondary cells requires less time than in the primary cells. As plasmodesmata in transgenic plants that contain MP are functionally different (i.e., characterized by enhanced size exclusion limits) from nontransgenic plants (17) , virus can transit to adjacent cells in a short time (1.7 h) after initial spread. In contrast, preexpression of CP in transgenic leaf tissue delays the transfer of VRCs͞VMCs to adjacent cells for as yet unknown reasons, but presumably because of a regulatory role of CP in virus replication per se or in establishing the VRCs (7).
Szesci et al. (28) applied electron microscopy to describe the electron-dense bodies that contain MP and replicase and other components, and are adjacent to plasmodesmata at the leading edge of infection sites in tobacco leaves. We propose that these bodies are equivalent to VRCs that are poised to transit through plasmodesmata to adjacent cells (as VMCs). As described above, a period of 1-2 h is required for passage of VMCs; this need may indicate that biochemical changes, which cause temporary changes in size exclusion limits of the plasmodesmata (48) , take place during this period. Other workers have shown that ␤-1,3 glucanase plays a role in controlling cell-cell spread of infection by TMV (49, 50) . We propose that activity of this enzyme and͞or other host proteins during the period that VRCs are tightly appressed to plasmodesmata, are important, if not essential, for cell-cell spread of the VMCs.
It was recently reported that subparticle core complexes of human T cell leukemia virus-type 1, which contain the Gag and Env proteins, in addition to the human T cell leukemia virus-type 1 genome, accumulate at cell-cell junctions (51) . Complexes moved to recipient cells by means of the cell-cell junction with the aid of microtubules. Our data show that TMV infection, like human T cell leukemia virus-type 1, moves from cell to cell as membraneassociated subviral complexes, and employs elements of the cytoskeleton to spread the infection. The similarities of spread of this virus and TMV may indicate similarities in cell-cell spread of viruses of different phylogenetic origins.
